We investigate the pair-production of right-handed neutrinos via the Standard Model (SM) Higgs boson in a gauged B − L model. The right-handed neutrinos with a mass of few tens of GeV generating viable light neutrino masses via the seesaw mechanism naturally exhibit displaced vertices and distinctive signatures at the LHC and proposed lepton colliders. The production rate of the right-handed neutrinos depends on the mixing between the SM Higgs and the exotic Higgs associated with the B − L breaking, whereas their decay length depends on the active-sterile neutrino mixing. We focus on the displaced leptonic final states arising from such a process, and analyze the sensitivity reach of the LHC and proposed lepton colliders in probing the active-sterile neutrino mixing. We show that mixing to muons as small as V µN ≈ 10 −7 can be probed at the LHC with 100 fb −1 and at proposed lepton colliders with 5000 fb −1 . The future high luminosity run at LHC and the proposed MATHUSLA detector may further improve this reach by an order of magnitude.
Introduction
The observation of light neutrino masses and mixing provides experimental evidence for the existence of physics beyond the Standard Model (SM). While the solar and atmospheric mass square differences and the mixing angles have been measured with considerably accuracy, the lightest neutrino mass and thus the neutrino mass scale, along with the nature of neutrinos, i.e. Dirac or Majorana, remains unknown. One of the simplest ultraviolet (UV) complete models to explain the light neutrino mass is the U (1) B−L model [1] , where the vacuum expectation value (vev) of a SM singlet Higgs χ spontaneously breaks the B − L symmetry and generates a Majorana mass for the heavy right-handed (RH) neutrinos N i . Light neutrino Majorana masses are then generated via seesaw.
The model predicts the presence of RH neutrinos N i , an additional gauge boson Z that couples to the RH neutrinos as well as all other SM fermions, and an extra singlet-like Higgs state h 2 . The Z can be resonantly produced and it decays to a pair of RH neutrinos. Further decays of these heavy neutrinos produce lepton number violating signatures at the LHC [2] . The Z also decays to SM fermions, leading to di-lepton and di-jet final states. While it can also decay to heavy neutrinos, with potentially spectacular displaced vertex signatures incorporating lepton flavour and number violating final states (see e.g. [3] ), searches at the LHC for a heavy resonance decaying to lepton pairs puts stringent bounds on the Z mass M Z > 4.5 TeV [4] for a SM-like Z state. Similarly, bounds from LEP-II constrain the B − L breaking scale to be greater than 3.45 TeV [5] [6] [7] [8] . The tight constraint on the Z mass and the B − L breaking scale considerably suppresses the production of RH neutrinos through the Z mediated process. Other than this well addressed channel, the RH neutrinos can also be pair-produced from the BSM Higgs state h 2 , as well as from the SM Higgs h 1 for masses 2M N < M h . For such low masses, the mixing of the RH neutrinos with the active neutrinos is V lN 10 −6 to produce the correct light neutrino masses. Such small couplings lead to sizeable decay lengths of heavy neutrinos and thus to potentially displaced vertices at colliders.
A number of studies have been conducted in recent years on displaced vertex searches for heavy neutrinos for Type-I seesaw. At the LHC, several CMS searches [9] [10] [11] have studied displaced vertices from long-lived neutral particles in a similar mass range with no events observed so far. On the other hand, the direct search for heavy neutrinos produced from a W boson yields a constraint of order V lN < 10 −2 [12] . The recent 13 TeV search for tri-lepton on the other hand constrains the active-sterile mixing down to V 2 lN 10 −5 [13] . The displaced lepton-jet final state from W decay can be used to search for RH neutrinos giving a better constraint for m b M N m W [14] . The specific signal of pair-production of heavy long-lived neutrinos via SM Higgs was considered in [15] in the context of a leftright symmetric model, in [16] using an effective operator approach and in [17] within the U (1) B−L model we are using. At lepton colliders, the background for decay lengths between 10 µm and 249 cm in the detector is expected to be negligible [18] and the sensitivity on the active-sterile neutrino mixing is of the order V lN ≈ 10 −5 [19] in displaced vertex searches. For further discussion on displaced vertex signature of RH neutrinos in different models, see [20] [21] [22] [23] .
In this work, we explore the possibility to detect low mass RH neutrinos in the mass range M N ∼ 10 − 60 GeV through displaced vertex searches in the framework of gauged U (1) B−L model. Specifically, we aim to estimate the sensitivity on the active-sterile neutrino mixing in light of the comparatively weak limits on the SM Higgs mixing with a singlet scalar. For this, we consider the pair-production of RH neutrinos from SM Higgs decay and study the detectability of leptonic final states. This particular production mode is not limited by a small active-sterile mixing, and can be considerably larger compared to the production via a very massive Z . The neutrino decay length, however, crucially depends on the mixing and for very low mixing, the RH neutrino will be long-lived. We focus on the ongoing LHC run-II, the future high-luminosity run of the LHC (HL-LHC), with and without the proposed detector option MATHUSLA [24] , and the proposed future e + e − colliders ILC and CEPC to probe the active-sterile mixing.
The paper is organized as follows: In Section 2, we briefly review the U (1) B−L model setup. Following this, in Section 3, we study the experimental constraints on the model parameters and in Section 4, we discuss generalities of the pair production of RH neutrinos through a SM Higgs. In the subsequent two sections, we analyze in detail the detection possibility of a low mass RH neutrino at the LHC and at future leptonic colliders, respectively, where we present a detailed simulation. In Section 6, we present the sensitivity reach of these colliders and we conclude in Section 7.
B − L Gauge Model
In addition to the particle content of the SM, the U (1) B−L model consists of an Abelian gauge field B µ , a SM singlet scalar field χ and three RH neutrinos N i . The gauge group is 
where H is the SM Higgs doublet and V (H, χ) is the scalar potential given by
Here, D µ is the covariant derivative,
where G α µ , W a µ , B µ are the usual SM gauge fields with associated couplings g s , g, g 1 and generators T α , T a , Y . B µ is the gauge field associated with the additional U (1) B−L symmetry with gauge strength g 1 and the B − L quantum number Y B−L . Consequently, the gauge sector of the model now includes the the kinetic term 4) with the field strength tensor of the B − L gauge group F µν = ∂ µ B ν − ∂ ν B µ . Note that we do not consider a mixing between the Abelian hypercharge and B − L gauge fields for the minimal B − L model. The fermion part of the Lagrangian now contains a term for the right-handed neutrinos 5) but is otherwise identical to the SM apart from the covariant derivatives incorporating the B − L gauge field and the charges Y B−L = 1/3 and −1 for the quark and lepton fields, respectively. Here, a summation over the fermion generations i = 1, 2, 3 is implied. Finally, we the Lagrangian contains the additional Yukawa terms
where L is the SM lepton doublet,H = iσ 2 H * and a summation over the generation indices i, j = 1, 2, 3 is implied again. The Yukawa matrices y ν and y M are a priori arbitrary; the RH neutrino mass is generated due to breaking of the B − L symmetry, with the mass matrix given by M R = y M χ . The light neutrinos mix with the RH neutrinos via the Dirac mass matrix M D = y ν v/ √ 2. The complete mass matrix in the (ν L , ν R ) basis is then
where
Here, v = H 0 and x = χ are the vacuum expectation values for electroweak and B − L symmetry breaking, respectively. In the seesaw limit, M R m D , the light and heavy neutrino masses are
(2.9)
The flavour and mass eigenstates of the light and heavy neutrinos are connected as
schematically writing the 6-dimensional vectors and matrix in terms of 3-dimensional blocks in generation space. The mixing and the light neutrino masses are constrained by oscillation experiments to yield their observed values, i.e. the SM charged current lepton mixing V LL = U PMNS (apart from small non-unitarity corrections and assuming the charged lepton mass matrix to be diagonal). For the case of one generation of a light and heavy neutrino we will consider in turn, this reduces to the 2 × 2 matrix form
For simplicity, we thus neglect mixing among flavours and therefore generations decouple. The Yukawa coupling matrix then becomes diagonal and we can write (i = e, µ, τ ) 12) using the neutrino seesaw relation. Here, V iN represents the active-sterile mixing, sin θ i = V iN , in the three generations, V eN , V µN , V τ N . Similar to the light and heavy neutrinos, the additional scalar singlet χ also mixes with the SM Higgs. The mass matrix of the Higgs fields (H, χ) at tree level is [25] 
(2.13)
The physical masses of the two Higgs h 1 , h 2 are then 14) and the physical Higgs states (h 1 , h 2 ) are related to the gauge states (H, χ) as
The directly measurable parameters are the masses M h 1 and M h 2 , as well as the mixing angle α,
In our subsequent analysis, we consider the Higgs h 1 to be SM-like with mass m h 1 = 125 GeV, while the other state h 2 is heavier. Other than the heavy neutrinos and this additional Higgs state, the model also has an extra gauge boson with mass M Z = 2xg 1 . In the next section, we discuss the experimental constraints, specifically on the active-sterile mixing V iN , and on the Higgs mixing angle α.
Experimental Constraints
Here, we review the experimental constraints on model parameters -in particular, the RH neutrino mass M N , the active-sterile mixing V lN (neglecting generational dependence), the Higgs mixing angle sin α and the B − L breaking scale x.
In the present work, we consider relatively low mass RH neutrinos, 1 GeV < M N < M h 1 /2 = 62.5 GeV in order to pair-produce them from SM Higgs decays. The RH neutrino mass and its mixing with the active neutrinos are tightly constrained assuming successful neutrino mass measurements. In a pure Type-I scenario with B − L gauge symmetry, the light neutrino mass
The sub-eV scale light neutrino mass constraints from 0νββ and Tritium beta decay experiments as well as from cosmological observations such as Planck [26] fixes the active-sterile mixing,
However, note that for models such as an inverse seesaw, the active-sterile mixing can be significantly larger, V lN ∼ 0.01, only limited by direct searches (see e.g. [27] and references therein), while still satisfying the light neutrino mass constraint [28] . The SM singlet Higgs and its mixing angle α with the SM Higgs is constrained by perturbativity and unitarity considerations [29] , setting an upper limit on M h 2 as a function of the B − L breaking scale x, M h 2 2 2π/3x. In our subsequent analysis, we consider a mass of M h 2 = 450 GeV, although it does not directly enter into our considerations. Additionally, direct searches at the LHC for a BSM Higgs signal further constrains the mixing sin α 0.35 in the aforementioned mass range [30] . An indirect constraint on the Higgs mixing angle sin 2 α 0.31 can also be obtained from the measurement of SM Higgs decays into a number of SM final states [31, 32] . The bound coming from SM Higgs signal strength measurement is valid for all masses of the BSM Higgs h 2 . Precision measurements of the W mass give a competitive bound on the mixing angle α 0.3 for a wide mass range M h 2 300 GeV [33] . In the present work, we consider the value sin α = 0.3 to determine the maximal sensitivity on the neutrino mixing.
Searches at LEP-II [5] [6] [7] [8] for a resonance constrain Z mass and gauge coupling, and thus the B − L breaking scale x ≡ In summary, we consider the following model parameters:
4 Right-handed Neutrino Production and Decay
Pair-Production through Higgs Resonance
We first consider the production of RH neutrinos through an s-channel SM-like Higgs, pp → h 1 → N N . We will assume that only one species of RH neutrinos is sufficiently light and that it dominantly couples to one lepton generation only. The leading-order coupling of the SM-like Higgs h 1 with the two RH neutrino states is
x sin α, where y M is the associated Yukawa coupling that can be written in terms of the RH neutrino mass M N and B − L breaking vev x. We have considered a small active-sterile neutrino mixing, that leads to cos θ ν ∼ 1. In such a parametrization, the production cross-section is inversely proportional to x 2 and proportional to M 2 N , with the latter being bounded by the kinematic threshold 2M N ≤ M h 1 , and independent of the active-sterile mixing.
Note that the SM-like Higgs h 1 couples with the SM fermions and gauge bosons as cos α, while the BSM Higgs h 2 interacts with the same final states as sin α. We do not consider the decays h 1 → Z Z and h 1 → Z Z * , as we take the Z to be much heavier than the SM gauge bosons. The branching ratio of SM-like Higgs can then be approximated as [17] ,
GeV is the total decay width of the SM Higgs and
is the partial width of the SM-like Higgs to the new exotic channel. Similarly, the 13 TeV LHC cross section for the production of the SM-like h 1 is
In Fig. 1 (left) we show the total N production cross section as a function of the heavy neutrino mass and the Higgs mixing angle. As noted before, as long as the active-sterile neutrino mixing is sufficiently small, the production cross section is not sensitive to it. For a particular RH neutrino mass M N , the cross section rises with increasing value of the mixing angle α. On the other hand, for a higher value of M N within the kinematic threshold, a cross section as large as 50 fb can be obtained for sin α ∼ 0.3, in accordance with the LHC bound [33] , where the limit was derived for the Higgs singlet extension, however also applicable for the B − L model. The cross section rapidly drops for small M N . For the electron-positron collider case, we consider a center-of-mass energy √ s = 250 GeV. The dominant Higgs production process is Higgs-Strahlung, e + e − → Z * → Zh 1 . In the SM, the cross section is σ ∼ 240 fb for √ s = 250 GeV, reduced by the Higgs mixing angle, ∝ cos 2 α, in our scenario. Hence, as shown in Fig. 1 right, the total N production cross section is about 200 times smaller than at the LHC.
Right-handed Neutrino Decay
The heavy neutrino, once produced, will decay to different SM states. For our mass region of interest, M N 62.5 GeV, and assuming there are no lighter exotic particles, the RH neutrino decays via three body processes such as N → µ ±and N → µ + µ − ν µ for final states including muons. In this case and with our assumption that the heavy neutrino only mixes with one SM lepton generation, the branching ratios do not depend on the active-sterile mixing. In Fig. 2 , we show the branching ratios of the different decay modes as a function of the RH neutrino mass. In the region of interest, the heavy neutrino can decay to final states with one, two or three leptons. For relatively higher masses M N 1 GeV, N predominantly decays to µqq, while for lower masses M N 0.1 GeV, the branching ratio of N → ννν becomes dominant. The given branching ratios, calculated 
Figure 2: Decay branching ratios Br(N → X) of the RH neutrino N into the denoted channels X as a function of M N . Here, i, j = e, µ, τ denotes lepton flavour with i = j and the heavy neutrino is assumed to mix only with the light muon neutrino, V µN = 0, V e,τ N = 0. In this case, the branching ratios are independent of V µN .
using M adGraph5aM C@N LO v2.5.5 [34] and denoted by parton states correctly take into account decays to mesons for small RH neutrino masses. Approximately, the resulting decay length for M N m Z can be expressed as
where corrections due to the boost of parent h 1 will be discussed below. For a RH neutrino mass M N ≈ 30 GeV and a mixing V µN ≈ 10 −4 , the decay length is of the order L N ≈ 1 mm. For smaller mixing, such as in the naive seesaw estimate V µN ≈ 10 −6 , the decay length can be of the order of meters, potentially detectable through a displaced vertex at high energy colliders. For even smaller mixing and thus longer decay lengths, the decay products will escape the detector volume resulting in a missing energy signature.
Estimate of Displaced Vertex Event Rate
Before embarking on a detailed event simulation, we first estimate the rate of displaced vertex events from the production and decay of heavy neutrinos. As discussed in the previous subsection, we are interested in the decay length of the RH neutrino varying in the millimeter to several meters range, corresponding to active-sterile neutrino mixing in the relevant range for light neutrino mass generation. For long decay lengths, the heavy neutrino decay products will predominantly not register as prompt objects. Leptonic final states, such as a muon, or hadronic final states originating from such a RH neutrino decay can still be detected with displaced vertex searches at LHC [14, 35] . In the following, we estimate the number of such displaced events and thus the sensitivity of the 13 TeV LHC in probing the active-sterile mixing V µN .
We take into account the probability of the heavy neutrino decaying inside the detector and estimate the event rate corresponding to the observe displaced vertex events,
Here, P (x 1 < x N < x 2 ) is the probability of the heavy neutrino decaying between distances x 1 and x 2 , taking into account the production mechanism, 6) where p(x 1 < x N < x 2 ) represents the probability density of an individual neutrino to decay within the given range, p(
/L N (the primed decay length are in center-of-mass frame, not in the rest frame of the neutrino). f (β h ) is the probability density function for the velocity of the SM-like Higgs h 1 at the LHC and g(φ N ) represents the probability density function for the production angle φ between the SM Higgs (i.e. the beam pipe) and the RH neutrino in the center-of-mass frame.
We show the result of this analytic estimate of the rate of neutrinos that decay to a one muon final state within 1 cm and 1 m in Fig. 3 , where we consider the displaced decay of one RH neutrino while we treat the second RH neutrino inclusively. In our subsequent analysis, we use Monte Carlo methods to fully simulate the events with a more detailed consideration of the detector geometry. Comparing the results in this section with the results in the next section, we find that both methods yield similar results.
Displaced Vertex Event Simulation
As discussed in the previous section, we focus on the RH neutrino decaying to leptonic final states. In particular, we focus on states with different µ multiplicity. This can be obtained assuming a diagonal mixing V lN or a mixing with hierarchies V µN V eN , V τ N . Below, we first present a brief discussion for the LHC and its future upgrades. A common, simplified detector layout and the details of the relevant detector parameters are shown in Fig. 4 and Table. 1, respectively [17, [36] [37] [38] . The different variables we use for the geometry of detectors are as follows: d 0 is the transverse distance between the heavy neutrino N and µ,
where x and y are the position where the right handed neutrino decayed, and p x , p y , p T are the components of momentum and transverse momentum of the final particles µ, and L xy / L z are the transverse / longitudinal decay lengths of the RH neutrino, and σ t d is the resolution of the detector in transverse distance.
Previous searches that analyzed the displaced decays of RH neutrinos are for example given in [14, 17] . In [14] , the authors propose to detect the RH neutrino having mass M N < M W through a prompt lepton and a displaced lepton jet arising from the RH neutrino decay whereas in [17] , the authors propose to detect the RH neutrino through its displaced decays to at least a di-muon final state. Displaced decays of other exotic states have also been searched for at CMS and ATLAS in various physics scenarios, e.g. long-lived neutralinos [39] via one-muon and multi-jet final state; Higgs decaying to two long-lived particles [9] [10] [11] producing two muons. Below, we describe briefly the proposed triggers and the estimated background.
LHC and Upgrade
We consider the RH neutrino decaying inside the tracker or muon chamber in the CMS detector [18] . We categorize the signal as pp → h 1 → N N → N µ ± jj) (denoted as Channel 1) and pp → h 1 → N N → N µ + µ − ν µ ) (denoted as Channel 2), respectively. We analyze the sensitivity reach in probing the active-sterile neutrino mixing V µN at the 13 TeV LHC using these channels. For the event simulation, we use F eynRules 2.3 [40] with the model file [41] . The resulting Universal FeynRules Output (UFO) [42] is fed to the Monte Carlo event generator M adGraph5aM C@N LO v2.5.5 [34] .
Triggers and Background
We differentiate between two regions, as shown in Fig. 4 in the detector that can potentially detect displaced vertices [17] . Region 1 is chosen to probe long-lived RH neutrinos that decay within the inner tracker. The inner (grey) area of Fig. 4 represents Region 1 which approximately consists of the inner tracker near the vertex detector such that RH neutrinos decaying within the inner tracker are registered via the tracks of final state muons. Region 2 is represented by the outer (orange) area which approximately consists of the electromagnetic (ECAL) and hadronic calorimeter (HCAL), and the inner region of the muon chamber. RH neutrino decays are registered in this region via tracks of the final state muons in the muon chamber [17] . Our signal consists of a RH neutrino decaying with a displaced vertex to final states including muons, either pp → N N → N µ ± jj or N µ + µ − ν µ . While the branching ratios resulting in N µ ± jj are larger, the cuts needed to suppress the SM background are expected to be more stringent. In the literature [14, 17, 39] , various selection criteria were employed for similar signatures. As described before, Ref. [14] uses the characteristic signal comprising of a prompt lepton (muon) and a heavy RH neutrino originating from a W boson. Including the prompt muon and the particles from the RH neutrino decay, the signature consists of a muon jets, a reconstructed object with more than one muon track concentrated within a cone of radius R 0 , pp → W ± → µ ± N → µ ± µ + µ − ν µ or µ ± µ ± jj. The following cuts were used in this case: p T > 24 GeV for the prompt muon, the muon tracks inside the muon-jet should have p T > 6 GeV, and the transverse impact parameter d 0 of the tracks in the muon-jet should satisfy 1 mm < d 0 < 1.2 mm. In our case, the RH neutrino is pair-produced from a SM-like Higgs decay. Therefore, for a RH neutrino not too light, decay products will generally be un-collimated. Hence, the final state topology is different from that in [14] .
Ref.
[39] discusses a characteristic signal µ ± jj, similar to our scenario, generated from displaced decays of a neutralino, which can be reinterpreted as our signal pp → h 1 → N N → N µ ± jj. We refer to this as the one-muon trigger as there is a single muon in the final state. The selection criteria to identify a candidate both in the muon spectrometer and the inner detector are p T > 50 GeV, |η| < 1.07, R = (∆φ) 2 + (∆η) 2 < 0.15, |d 0 | > 1.5 mm.
(5.2)
Here, ∆φ and ∆η are the differences between the azimuthal angle, and the pseudo-rapidity of the muon identified by the trigger and that of the reconstructed muon, respectively. The cut on ∆R ensures, that the detected muon corresponds to the muon identified by the trigger. Potential sources of background in this case are: i) random tracks that give rise to displaced vertices inside the beam-pipe, and ii) hadronic interactions with gas molecules that give rise to displaced vertices. A minimal invariant mass of 10 GeV of the tracks associated with the displaced vertex has been set. From the non-observation of displaced vertices, the number of corresponding background events was found to be 4 +60 −4 × 10 −3 for 4.4 fb −1 at the 7 TeV LHC. As we make predictions for the 13 TeV LHC, background events should have higher p T . With the above mentioned cuts, a significant amount of background will still be remaining.
In Ref. [17] , relatively softer transverse momentum cuts have been used, with the same signal processes as in our case, pp → h 1 → N N → N µ + µ − ν µ and N µ ± jj. The kinematic cuts used correspond to the presence of two muon tracks (Channel 2 with µµν from one displaced vertex or Channel 1 with µjj from two displaced vertices) that satisfy the following constraints on the transverse momentum of the leading (µ 1 ) and sub-leading muon (µ 2 ), pseudo-rapidity η and isolation ∆R of the two tracks,
An additional cut on the difference ∆Φ in the azimuthal angle between the dilepton momentum vector and the vector from the primary vertex to the dilepton vertex has also been applied [9] [10] [11] . Background due to cosmic ray muons can be rejected efficiently by correlating the corresponding hits with the beam collision time and with the cut on the angle between the muons, cos θ µµ [10] . Before attempting to reconstruct the displaced vertices geometrically, we first estimate the event rates using the above criteria Eqs. (5.2) and (5.3). This is shown in Fig. 5 demonstrating that although the RH neutrino has a higher branching ratio to the µjj state, the high p T cut for Channel 1 (µjj) reduces the cross section by about a factor of ten whereas for Channel 2 (µµν) we use a relatively mild p T cut.
In addition to the kinematical cuts, we also implement geometric cuts to reconstruct the displaced vertices. We use the following characteristics for Region 1 and 2 to represent a typical LHC detector [17] (also compare Table 1 ), where the variables used are discussed above,
The above kinematic and geometric selection cuts result in a reduction of the signal events as σ × kin × geo with the kinematic and geometric efficiency kin and geo , respectively. To demonstrate their impact, we show the resulting effective signal cross section for Channel 2 in Fig. 6 . The kinematic efficiency is shown separately using the coloured shading. The maximal event rates after cuts can be as high as 0.3 fb which is not too dissimilar from Fig. 3 considering the difference in the branching ratio of the final states. [36, 37] , CEPC [38] . All length units are in cm.
two such displaced vertices, the signature is different and can contain 2, 3 or 4 muons altogether, i.e. pp → h 1 → N N → µ ± jj, µ ± jj which is the dominant channel,
With the requirement of two displaced vertices, the effective event rate due to the additional branching ratio and the geometric reconstruction efficiency is reduced by more than an order of magnitude. However this can be considered to be a cleaner selection to discover this specific model.
MATHUSLA
There are several proposals to equip the high luminosity run of the LHC (HL-LHC) with additional detectors to search for long-lived particles. As an example, we consider the proposal comprising of a large detector on the ground surface called MATHUSLA to detect ultra long-lived particles a few hundred meters away from the collision point [24] . We estimate the sensitivity of this setup by applying one the following geometrical selection cuts:
Due to its setup, MATHUSLA has a comparatively small geometric coverage. However, it can potentially probe very small active-sterile neutrino mixing as it would be situated far away from the interaction point.
Future Electron-Positron Colliders
We are also interested in the sensitivity of proposed future electron-positron colliders. Leptonic colliders can benefit from a cleaner background, especially relevant for Higgs production. Here, we focus on the proposed International Linear Collider (ILC) and the Circular Electron Positron Collider (CEPC). We consider a center-of-mass energy of √ s = 250 GeV and a luminosity of 5000 fb −1 . The dominant Higgs production process at an electronpositron collider is Higgs-Strahlung, e + e − → Z * → Zh 1 . In the SM, the cross section is σ ∼ 240 fb for √ s = 250 GeV. Further suppression of the cross-section occurs in our case, due to the Higgs mixing angle (see Fig. 1 ).
For the cuts on the kinematic variables we use
The selection criteria associated with displaced tracks are set analogous to the LHC analysis, as described before. As for the detector type and geometry, the ILC proposes to use a Silicon Detector (SiD) [36, 37] for general purpose detection and precision measurements.
In Table 1 , we include the geometric parameters we use for the detectors of ILC and CEPC in our analysis [36] [37] [38] . For lepton colliders, we represent a silicon tracker as Region 1, and the components before the muon system as Region 2. Due to the relatively smaller production cross section, the overall signal rate at the lepton colliders is smaller compared to LHC by about two orders of magnitude, whereas the efficiency is larger. For the CEPC, due to the longer and larger detector compared to the ILC, the cross section of the CEPC is slightly larger.
Sensitivity Reach
We now estimate the sensitivity of various colliders in probing the active-sterile neutrino mixing. We follow the approach discussed above and implement the kinematic and geometric cuts in a Monte Carlo simulation of our signal. We assume that the employed cuts and selection criteria remove the backgrounds at the LHC completely taking first an optimistic view. This is justified, as the displaced vertex searches in [9] [10] [11] have observed no events. In addition, we will adopt a pessimistic view and take the upper limit on background events allowed by the non-observation and we scale it to the luminosity of 100 fb −1 at the LHC and 3000 fb −1 at the HL-LHC.
For the optimistic view assuming zero background events, following a Poisson distribution for the number of signal events, the lower and upper limits on the mean value of signal events µ are given by [44] :
respectively. Here, F χ 2 (α, n) is the cumulative distribution function for the χ 2 distribution with α being the significance level and n denoting the number of observed events. Probing a cross section with a sensitivity at 95% C.L., the upper bound on µ = σ × L for n = 0 is 3.0 [44] . Therefore, we consider a model parameter point with µ > 3 to be excluded at 95% C.L. on non-observation of any event.
For the pessimistic view, scaling the experimental upper limit on the background rate, we interpret the non-observation of displaced vertex events [9] [10] [11] at 20.5 f b −1 , to yield an upper limit on the mean event rate of 3 events. We scale this rate up for the 100 f b −1 LHC and 3000 f b −1 HL-LHC, giving 15 and 450 potential background events, respectively. However, we still consider leptonic colliders and MATHUSLA to be free from background. Therefore, we consider a parameter point to be excluded on non-observation if χ 2 = (N tot − N B ) 2 /N B > 3.84 at 95 % C.L. In the case of two separate displaced vertices, since this is a highly rare process, we think only the optimistic view is necessary. In Fig. 7 we show the resulting sensitivities at the LHC, HL-LHC (without and with MATHUSLA) in the optimistic view assuming no background (left) and the pessimistic view with a scaling of the background (right). We consider that one of the heavy neutrinos decays to muons in one displaced vertex. To estimate the sensitivity reach, we consider 100 fb −1 luminosity for the LHC, 3000 fb −1 for HL-LHC. Taking the optimistic and rather naive view of negligible background, it is evident that the 13 TeV LHC has a sensitivity reach down to V µN ≈ 10 −7 for RH neutrino masses around M N ≈ 55 GeV. The high-luminosity run of LHC can further probe smaller mixing angle, as low as 10 −8 for a similar RH neutrino mass value. The sensitivity reach of MATHUSLA is similar to the HL-LHC; despite the much longer decay length being probed, the geometric coverage and hence effective cross section is smaller. We should stress again that in deriving these limit we considered a Higgs mixing sin α = 0.3, close to the experimental limit. However, future searches e.g. at leptonic collider will have a better sensitivity on the Higgs mixing sin α ≈ 0.06 [45] , resulting in a cross section about 30 times smaller. In the pessimistic view, Fig. 7 (right) , we see that due to the large background the HL-LHC can still reach a mixing as low as 10 −7.5 . Note that we assume that the background is constant at its upper limit for the whole parameter space; this is overly pessimistic as the background should get smaller as the RH neutrino becomes longer-lived because most SM background should have decayed away already. In both the left and right panel we assume the background for MATHUSLA to be negligible Generally, the leptonic colliders may be considered to have less background. However in this case, as we assume no background events at the LHC as well, this advantage is not realised. Because both the LHC and the proposed lepton collider detectors have similar dimensions and even as the lepton colliders have higher luminosities, this is cancelled by the lower cross section of the Higgs production processes. From Fig. 7 (left) and Fig. 8 (left), it is evident that the 13 TeV LHC and the future colliders ILC/CEPC have a similar sensitivity reach down to V µN ∼ 10 −7 for RH neutrino mass M N ≈ 55 GeV. The ratio of the relevant process cross sections almost equal the inverse of the luminosities. The highluminosity run of LHC can further probe smaller mixing angles, as low as 10 −8 , for similar RH neutrino mass values. The sensitivity reach of MATHUSLA is similar to the HL-LHC due to its smaller geometric coverage.
In Fig. 8 (right) , we show the sensitivity reach of the above collider options, demanding that the decays of the two heavy neutrinos generate two separate displaced vertices. Since, this reduces the overall cross section and the probability, the effective event rate is severely reduced in this scenario, resulting in a more limited region of parameter space accessible at the 13 TeV LHC and other colliders. We stress that the two displaced vertices is a striking signature of the given model. Therefore, despite low event rate, this can serve as conclusive observational signal. We do not consider MATHUSLA for the two displaced vertex mode.
As an example how the actual observation of events would affect the model parameter space, we show in Fig. 9 (left) the viable parameter space if two signal events each containing two displaced vertices are observed at the LHC and the ILC. In both the cases, the observed events correspond to a ring-like region. Such an observation could be supplemented by determining the RH neutrino mass through kinematical techniques to further constrain the parameter space. Lastly, the mass and especially the mixing strength directly affect the lifetime and thus the decay length of the RH neutrino. If a sufficient number of displaced vertices are observed, one can extract the lifetime from the exponential decay profile. An indication for this is provided by the region(s) of the detector we observe the signal events in. Figure 9 (right) shows an example assuming that two signal events each containing two displaced vertices are observed in either Region 1 or Region 2 in the simplified LHC detector. As expected, observing events in the outer Region 2 probes smaller values of V µN compared to Region 1 and such an observation effectively separates the upper and lower branch of the ring.
Conclusion
In this work we have considered the U (1) B−L model and studied the SM Higgs decaying to two heavy RH neutrinos. The SM Higgs field mixes with the additional SM singlet Higgs that gives mass to the RH neutrinos through spontaneous symmetry breaking of the B − L symmetry. In turn, the heavy neutrinos generate light neutrino masses through seesaw mechanism. For RH neutrino masses M N < m h 1 /2, the decay h 1 → N N is kinematically allowed and proportional to the mixing sin α of the SM-like Higgs and gauge singlet Higgs. For such heavy neutrinos with masses 55 GeV, their mixing with the light active neutrinos is expected to be of the order V lN ≈ 10 −6 for a standard Type-I seesaw scenario. This is far too low to produce heavy neutrinos in the leptonic charged current pp → W ( * ) → lN . Besides, with the tight constraint on the mass of Z gauge boson, M Z > 4.5 TeV, from heavy resonance searches at the 13 TeV LHC, the pair-production cross-section of RH neutrinos through the Z channel will be smaller. Instead, we investigate the production of RH neutrinos from Higgs decay h 1 → N N at the LHC and proposed future electron-positron colliders. The mixing between the SMlike Higgs and a heavy singlet Higgs is weakly constrained as sin α < 0.3. In the given model, this potentially allows for an abundant production of heavy neutrinos, that does not suffer any suppression due to very small active-sterile neutrino mixing. The heavy neutrino decay however depends crucially on the mixing parameter V lN ≈ 10 −6 − 10 −2 , leading to a potentially macroscopic decay length. The RH neutrinos in this scenario can be detected through displaced vertex searches at colliders. In particular, we consider RH neutrino masses between 5 GeV to 62.5 GeV and simulate the rate of displaced neutrino events at the LHC, and the future colliders ILC and CEPC. Focussing on the coupling to the muon, we show that a sensitivity of V µN ≈ 10 −7 can be reached at the 13 TeV LHC with 100 fb −1 both for a zero and non-zero background. For the later case, we estimate the background based on the LHC experimental searches on displaced vertex event rate. For the lepton colliders ILC and CEPC, assuming zero background we arrive at a similar result. We note that the pair-production of RH neutrinos may also be used to constrain or determine the Higgs mixing angle sin α, although this of course requires the context of this model. For small active-sterile neutrino mixing, the RH neutrino production cross-section depends only on the Higgs mixing angle sin α (and the RH neutrino mass M N ). In the limit of vanishing neutrino mixing, the RH neutrinos are invisible and escape as missing energy. Such as scenario is probed by invisible Higgs decay searches.
With the background of displaced vertex searches estimated to be either negligible (at the LHC and future electron colliders) or as projected from existing displaced vertex searches (at the LHC), we have shown that neutrino mixing strengths of order V lN 10 −6 can be probed for neutrino masses in the range 20 GeV M N 60 GeV. On the theoretical side, this impressive sensitivity, of the order expected to generate light Majorana neutrino masses m ν ≈ 0.1 eV, clearly hinges on the assumed large Higgs mixing of the production portal. It will need to be revised as future constraints become more severe. Experimentally, our simple background estimation requires verification and sophistication in a more detailed study. For example, we expect that the relevant background rate will strongly depend on the decay length and detector region of interest.
